Interpretation: Waning of immunity by 5 years of age occurred after receipt of the 4CMenB vaccine in infancy, even with an additional booster at 40 months. The 4CMenB vaccine is immunogenic and was fairly well tol erated by 5 year-old children, although injection-site pain was noteworthy. Trial registration: Clinical Trials.gov, no. NCT01027351
T he multicomponent serogroup B meningococcal (4CMenB) vaccine is licensed in the European Union, Australia and Canada to prevent serogroup B meningococcal disease. It was developed using "reverse vaccinology," in which candidate antigens were identified by interrogating the whole meningococcal genome. 1 The 4CMenB vaccine consists of 3 surface proteins (factor H binding protein [fHbp] , Neisseria adhesin A [NadA] and Neisseria heparin-binding antigen [NHBA] ), along with a fourth component, the outer membrane vesicle, which acts as both antigen and adjuvant. 1 Group B meningococcal disease is a potentially devastating condition, with an average case fatality rate of 5.2% (data for England and Wales 2 ), and over a third of survivors are left with measurable functional deficits. 3 The incidence of laboratory-confirmed cases is about 1 per 100 000 population in England 4 and 0.33 per 100 000 population in Canada. 5 The recommendation of the United Kingdom Joint Committee on Vaccination and Immunisation that the 4CMenB vaccine be introduced into the routine UK immunization schedule should, if implemented, lead to a reduction in this morbidity and mortality. 6 Data on the persistence of antibody responses following infant or toddler immunization, and after subsequent boosting, remain limited yet will be important for guiding implementation of this recommendation.
Persistence of specific bactericidal antibodies at 5 years of age after vaccination against serogroup B meningococcus in infancy and at 40 months
Background: The multicomponent serogroup B meningococcal (4CMenB) vaccine induces antibodies against indicator strains of serogroup B meningococcus under various schedules. We investigated the persistence of antibodies in 5-year-old children 18-20 months after their last dose (at about 3.5 years of age).
Methods:
We assessed 5-year-old children who received the 4CMenB vaccine in a previous randomized trial. We also recruited 50 vaccinenaive 5-year-olds and administered 2 doses of 4CMenB to each child. We measured serum bactericidal antibody titres against 4 indica tor strains of serogroup B meningococcus matched to each individual vaccine component and against 4 mismatched strains.
Results:
Of those who received the 4CMenB vaccine at 2, 4, 6, 12 and 40 months (n = 16), the percentage with protective antibody titres (≥ 1:4) at 60 months ranged from 44% to 88% against matched strains and from 13% to 81% against mismatched strains. Loss of protective titres was also observed for those who received the 4CMenB vaccine at 12, 40 and 42 months (n = 5) (80%-100% against matched strains, 60%-100% against mismatched strains) or at 40 and 42 months (n = 29) (31%-100% against matched strains, 41%-81% against mismatched strains). Administering the 4CMenB vaccine to 5-year-old children yielded protective titres against matched strains in 92%-100% and against mismatched strains in 59%-100%. We present here the results of a follow-on study investigating the persistence of antibodies 18-20 months after the last dose in 5-year-old children previously immunized under a variety of schedules with 4CMenB vaccine or another investigational vaccine (recombinant protein serogroup B meningococcal [rMenB] vaccine), which lacks the outer membrane vesicle component of the 4CMenB vaccine. Since the original infant study, 7 4CMenB vaccine has emerged as the preferred vaccine, because addition of the outer membrane vesicle component improves the breadth of strain coverage; 8 however, the extension study continued follow-up for all of the original children, and all results are therefore presented here.
Methods
This phase 2, open-label, single-centre extension study ran from January 2010 to August 2012 and was approved by the Oxfordshire Research Ethics Committee B (reference 09/H0605/89).
The primary immunogenicity objective of the extension study was to assess persistence of antibodies at 40 months of age, as reported previously. 9 Here, we present the secondary outcomes of antibody persistence at 60 months of age and the immunogenicity, safety and tolerability of a 2-dose catch-up regimen of 4CMenB vaccine administered at 60 and 62 months.
Participants
In the original infant study, 7 147 infants from the UK were recruited and randomly assigned, on a 2:2:1:1 ratio, to receive 4CMenB or rMenB vaccine at 2, 4, 6 and 12 months or to receive one of these vaccines at 12 months alone.
Of these 147 infants, 70 participated in the 40-month extension study, 9 in which those who originally received 4 doses received 1 additional dose (at 40 mo) and those who originally received 1 dose received 2 additional doses (at 40 and 42 mo) of the vaccine originally received. These groups are referred to here as follows: 4CMenB 2,4,6,12,40; rMenB 2,4,6,12,40; 4CMenB 12,40,42; and rMenB 12,40,42. A fifth group (referred to as 4CMenB 40,42) received 2 doses of 4CMenB vaccine only at 40 and 42 months. All of these children were invited to participate again at about 60 months of age, and an additional 50 healthy, vaccine-naive controls (referred to as 4CMenB 60,62) were recruited by mail. The study therefore included a total of 6 groups (see Figure 1) .
Exclusion criteria were as follows: any previous meningococcal vaccination or history of meningococcal disease, severe allergy to any component of the vaccine, and any serious chronic or progressive disease or suspected immune system impairment. Administration of other vaccines was not permitted within 30 days before or after meningococcal vaccination, with the exception of the influenza vaccine, which could be given up to 14 days beforehand. Participants were temporarily excluded if they had been febrile over the previous day or had been taking antibiotics in the past 7-14 days.
Study procedures
For children from the 5 groups who had previously received either the 4CMenB or rMenB vaccine, a single 5-mL sample of blood was drawn at about 60 months of age. Children in the sixth, vaccine-naive control group received 2 doses of 4CMenB vaccine, at 60 and 62 months of age, with 5-mL samples of blood being drawn before the first dose and 1 month after the second dose.
Vaccines
All vaccines were supplied by Novartis Vaccines (Siena, Italy). The 4CMenB vaccine contained 50 µg of NadA protein 3, 50 µg of the fusion protein NHBA -genome-derived Neisseria antigen (GNA) 1030 (containing NHBA peptide 2), 50 µg of GNA2091-fHbp fusion protein (containing fHbp variant 1.1), 25 µg of detoxified outer membrane vesicle from Neisseria menin gitidis strain NZ98/254 (expressing Porin A serosubtype P1.4) and 1.5 mg aluminum hydroxide. Details of the rMenB vaccine received by some groups in the earlier studies can be found elsewhere. 9 All vaccines were 0.5 mL in volume and were administered into the deltoid muscle of the nondominant arm.
Immunogenicity
We tested for serum bactericidal antibodies, using human serum as the source of exogenous complement (hSBA), against the following 4 indicator strains: 44/76-SL, 5/99, NZ98/254 and M10713. These strains were chosen because each is mismatched for all but one of the vaccine antigens; therefore, each strain assesses the response to a single vaccine component (strain 44/76-SL for fHbp, strain 5/99 for NadA, strain NZ98/254 for the outer membrane vesicle and strain M10713 for NHBA). 10 Four additional strains (UKP1.7-2,4, GB101, GB355 and GB364), which reflected UK epidemiology and which had been used in the previous studies, were used to assess the vaccines' ability to induce a cross-reactive hSBA response to genetically diverse meningococcal serogroup B strains. Of note, earlier published studies referred to these strains as M00-242922 (UKP1.7-2,4), M01-240101 (GB101), M01-240355 (GB355) and M01-240364 (GB364).
An hSBA titre of 1:4 or greater was used as the correlate of protection, as a postvaccination increase in antibody titre of this magnitude has been shown to correlate with clinical efficacy in previous vaccine trials involving other outer membrane vesicle vaccines.
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Assays for hSBA against strains 44/76-SL, 5/99 and NZ98/254 were performed at the laboratory of the Health Protection Agency (Manchester, UK) and those for hSBA against strains M10713, UKP1.7-2,4, GB101, GB355 and GB364 at the Novartis Vaccine Clinical Serology Laboratory (Marburg, Germany).
Reactogenicity and safety data
Reactogenicity data for the 4CMenB 60,62 group were collected for 7 days after each vaccination using paper diary cards that were completed by parents. These cards listed potential local and systemic reactions, based on previous vaccine studies 7, 9 and graded from mild to severe according to interference with normal activities. Additional space was provided for parents to record any other symptoms. Adverse events Enrolled in original study 7 Enrolled in follow-on study (at 40 mo) 9 Included in MITT immunogenicity analysis of antibacterial persistence requiring medical attendance and all serious adverse events (such as admission to hospital) were recorded for the duration of the study.
Statistical analysis
All immunogenicity analyses are purely descriptive. For each strain, we calculated the proportion of children with protective antibody titres, along with 2-sided 95% Clopper-Pearson confidence intervals (CIs). Geometric mean titre antibody data (with 95% CIs) were log 10 -transformed for analysis. We analyzed the data on a modified intentionto-treat basis, that is, using data for all enrolled participants from the original study who provided an evaluable sample at 60 months and all participants from the 4CMenB 60,62 group who received at least 1 vaccination and provided an evaluable sample at either 1 month after the first dose or 1 month after the second dose. All of the 4CMenB 60,62 participants received at least 1 dose of the 4CMenB vaccine and were included in the safety analyses. Figure 1 shows the number of children from each group who participated in both the original study and the 40-and 60-month stages of the follow-on study. Between enrolment in the follow-on study (at 40 mo) and blood sampling at 60 months, 9 children were lost to follow up, 5 withdrew consent (mainly because further blood tests were declined), and 3 moved out of the area; in addition, it was determined that 1 child had been inappropriately enrolled at 40 months. Overall (among the 163 participants enrolled in the 40-month follow-on study or newly recruited at 60 months of age), 79 (48%) were boys and 84 (52%) were girls. Self-defined ethnicity was (78) 6 (12) 3 (7) 4 (8) 1 (2) Swelling 14 (28) 18 (39) 3 (6) 1 (2) 2 (4) 
Results
Pain > 7 d § 0 (0) 1 (2) 0 (0) 0 (0) 0 (0) 0 (0) Erythema > 7 d § 1 (2) 1 (2) 0 (0) 0 (0) 0 (0) 0 (0) Swelling > 7 d § 1 (2) 2 (4) 0 (0) 0 (0) 0 (0) 0 (0) Induration > 7 d § 1 (2) 2 (4) 0 (0) 0 (0) 0 (0) 0 (0) Abdominal pain 1 (2) 1 (2) 0 (0) 0 (0) 0 (0) 0 (0) Injection-site reaction 1 (2) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) Tonsillitis 1 (2) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) Nausea 0 (0) 1 (2) 0 (0) 0 (0) 0 (0) 0 (0) Cough 0 (0) 1 (2) 0 (0) 0 (0) 0 (0) 0 (0)
Serious adverse event
Admission to hospital, death, permanent disability None judged to be related to vaccine (see text for details) 2 (4) ¶ *Mild = no limitation to normal activity (for pain, sleepiness, arthralgia, headache, irritability), 1-25 mm (for erythema, swelling, induration), complete meals twice a day (for change in appetite), 1 or 2 vomits/day (for vomiting), 2 or 3 loose stools/day (for diarrhea), temperature 38-38.9°C (for fever); moderate = some limitation to normal activity, 25-50 mm, missed 1 or 2 meals a day, more than 2 vomits/day, 4 or 5 loose stools/day, temperature 39-39.9°C; severe = unable to perform normal activity, > 50 mm, no meals, vomits requiring intravenous hydration, 6 or more loose stools or required intravenous hydration, temperature ≥ 40°C. †Some participants had more than one reaction. ‡At least possibly related to vaccination. §Pain, erythema, induration and swelling lasting more than 7 days were classified as separate adverse events. ¶Both of these events occurred 2 months after the second dose and were judged to be unrelated to the vaccine.
152 (93%) white, 3 (2%) black, 1 (1%) Asian and 7 (4%) "other." Within the newly recruited control group, the mean age at enrolment was 61.3 (range 59-63) months.
Persistence of immunity
The percentage of children in each strain analysis group with hSBA of 1:4 or greater at 60 months of age is shown in Table 1 and Appendix 1 (available at www.cmaj.ca/lookup/suppl /doi:10.1503/cmaj.141200/-/DC1). The geometric mean titres are shown in Table 2 and Appendix 2 (available at www.cmaj.ca/lookup/suppl /doi:10.1503/cmaj.141200/-/DC1). Waning of antibody titres was observed for those immunized as infants, but the extent of waning varied by strain. For half of the 8 strains tested, hSBA geometric mean titres and the proportion of participants with antibody titres of 1:4 or greater were similar among those who had received 4CMenB at 2, 4, 6, 12 and 40 months and those who had received no vaccination (Table 1 ; hSBA ≥ 1:4 at 60 months for strain 44/76-SL, 44% v. 33%; for strain M10713, 88% v. 83%; for strain GB101, 50% v. 35%; and for strain GB355, 13% v. 2%).
When compared with vaccine-naive controls, a higher percentage of participants who had previously received the 4CMenB vaccine had hSBA of 1:4 or greater for strains 5/99 (88%-100% v. 2%), NZ98/254 (31%-80% v. 2%), UKP1.7-2.4 (44%-100% v. 9%), GB355 (41%-60% [except the 4CMenB 2,4,6,12,40 group, which was 13%] v. 2%) and GB364 (80%-81% v. 24%, although 95% CIs overlapped between the 4CMenB 12,40,42 and vaccine-naive groups) ( Table 1) . The results for the rMenB group followed a similar pattern, except that no hSBA response against strain NZ98/254 was observed at 60 months. This result was to be expected, given the lack of an outer membrane vesicle component in the rMenB vaccine.
Response to immunization at 60 and 62 months
The hSBA response to administration of the 4CMenB vaccine in the formerly vaccine-naive participants (group 4CMenB 60,62) is shown in Tables 1 and 2 and in Appendices 1 and 2. Postimmunization hSBA titres of 1:4 or greater were observed for all strains for 92%-100% of participants, with the notable exception of strain GB355, for which 59% of participants developed antibodies above the correlate of protection.
Reactogenicity at 60 months
Overall, 49 (98%) of the 50 participants who received the 4CMenB vaccine at 60 and 62 months experienced at least 1 solicited local adverse event, with erythema being the most commonly experienced local reaction (Table 3) . Severe pain was reported by 12% (6/50) of participants after dose 1 and 4% (2/46) after dose 2. By day 3, the pain had lessened among all those who experienced severe pain, but 10% (5/50) reported some level of pain for up to 7 days, and 2% (1/46) had pain persisting for more than 7 days after dose 2. Forty-two (84%) of the 50 participants had a solicited systemic adverse event, irritability being the most frequent. Fever rates were 10% (5/50) after dose 1 and 4% (2/46) after dose 2. There was 1 case of fever requiring medical attendance.
Eight (16%) of the 50 participants experienced a nonserious, unsolicited adverse event that may have been related to the vaccine (Table  3 ). There were 2 serious adverse events requiring admission to hospital; however, neither was judged to be related to the vaccine. In one case, the participant had hematuria secondary to a urinary tract infection 2 months after the last vaccine dose. In the other case, the child had herpetic stomatitis requiring admission to hospital, also at 2 months after the last vaccine dose.
Interpretation
The results presented here provide important new information about how the persistence, at 5 years of age, of bactericidal activity induced by administration of 4CMenB vaccine differs between test strains and with different vaccination schedules. In addition, we found that 4CMenB vaccine was immunogenic when given as a catch-up course to children at 5 years of age; however, the persistence of this immunity into later childhood is unknown. Before immunization, only a small proportion of the vaccinenaive controls had protective antibody titres. A notable exception to this observation was indicator strain M10713, for which 83% of vaccinenaive participants had bactericidal activity. This finding may suggest exposure to a cross-reactive antigen or may indicate that this strain is highly prevalent but not particularly virulent or that it is more sensitive to killing in the hSBA assay when tested with sera in this age group.
The data summarized here, from both the current study and the original trial, 7 also suggest that a reduction in the number of doses given to infants may be cost-effective without compromising immunogenicity and disease prevention, a particularly pertinent issue for the 4CMenB vaccine, given discussions about its cost-effectiveness. 12 With the exception of strains NZ98/254 and GB101, there was minimal increase in geometric mean titres (Appendix 2) or the proportion of children with protective antibody titres (Appen-dix 1) between samples taken at 5 and 7 months (1 mo after the second and third doses, respectively). 7 A late 2-dose schedule for infants (with vaccine administered at 6 and 8 mo) has previously been shown to be immunogenic, 13 and this schedule is now being evaluated in larger trials in early infancy (clinicaltrials.gov identifier NCT01339923). However, it is important that consideration be given to the practicalities of delivering such a schedule, as there is currently no routine immunization visit at 8 months of age in either the UK or Canada.
The value of an additional preschool booster dose of the 4CMenB vaccine, as used in the original follow-on study, 9 is also not yet clear. It is important to maintain protection against serogroup B meningococcal disease throughout the first few years of life, when disease incidence is high, 2 but the additional increase in proportion of children with antibody titres of 1:4 or greater after a 40-month booster dose appears temporary and may not outweigh the cost of implementation at this age. When the 2 groups with doses administered at 40 and 42 months (4CMenB 12,40,42 and 4CMenB 40,42) are compared, there seems to be no advantage for the group who received an additional priming dose at 12 months, in terms of either geometric mean titres or percentage with hSBA titres of 1:4 or greater at 43 months (1 mo after last vaccine). 9 However, children receiving the vaccine at 40 and 42 months or at 60 and 62 months will not have been protected as young infants, when the incidence of serogroup B meningococcal disease is highest. 2 Given that 56% of UK cases occur under the age of 5 years, the total disease burden may not be significantly reduced with later immunization. 4 Given these findings, an infant schedule followed by boosting in adolescence may be preferable. One study of adolescents has been published, in which 11-to 17-year-olds were followed for 18 to 24 months after receiving 1, 2 or 3 doses of the 4CMenB vaccine.
14 The geometric mean titre response, both initially and 20 months after the last dose, was substantially higher in these adolescents than in the children in the current study for strains 44/76-SL (20-mo geometric mean titre 13 v. 44 for infant and adolescent groups who received 3 doses) and NZ98/254 (20-mo geometric mean titre 11 v. 30 for 3-dose groups), but this difference was not seen for strain 5/99, and other strains were not tested. Both initial response and persistence may be better among adolescents, but further studies directly comparing the 2 age groups are required to confirm this difference, and the issue of directly protecting high-risk infants remains.
Limitations
This study was limited in terms of sample size, particularly for the 4CMenB 12,40,42 group, of whom only 5 of the original 24 children were evaluated at 60 months. The lack of an unimmunized control group also limits the interpretation of reactogenicity at 60 and 62 months. Nevertheless, these data give an early indication that protection against serogroup B meningococcal disease after infant immunization is unlikely to persist into adolescence, when the second peak of incidence occurs. 2 The steep decline in disease incidence after the first year of life 2 means that schedules involving vaccination at 40 and 42 months and at 60 and 62 months may not have a substantial effect on the number of cases and are therefore less likely to be used if the incidence of disease remains at its current low levels. However, these data will prove useful in planning for a future epidemic or for countries planning catch-up campaigns.
Conclusion
There remains a need for more information about the effects of the 4CMenB vaccine on nasopharyngeal carriage, the likely breadth of strain coverage and long-term persistence. Data from studies using the Meningococcal Antigen Typing System, which aims to predict overall strain coverage, suggest that up to 88% of UK strains 15 and 66% of Canadian strains 16 will be covered by the 4CMenB vaccine; however, the key test will be how the vaccine performs when administered routinely to whole populations. The Saguenay-Lac-Saint-Jean region of Quebec, which has relatively high rates of serogroup B meningococcal disease, recently ran a vaccine campaign using the 4CMenB vaccine; 17 however, the Public Health Agency of Canada currently recommends vaccination only for those in defined high-risk groups. 5 Introduction of the 4CMenB vaccine into the UK's routine immunization schedule provides an ideal opportunity to assess the effect of this vaccine in a real-world setting and will guide the implementation of 4CMenB vaccination in Canada and worldwide.
